The two systems of absolute electrical measurement are founded on the fundamental units of time, mass, and space applied to the observed effects of electricity at rest and electricity in motion, the one system having a definite numerical relation to the other. The number of electrostatic units in the electromagnetic unit of quantity, from the dimensions of the unit of quantity in the two systems, is expressible as a velocity, and is usually designated by the symbol v.
In the Report of the British Association's Committee on Electrical Measurements, 1868, five possible methods are enumerated for experimentally determining v. It is necessary and sufficient that we should obtain a common electromagnetic and electro static measure of some electric quantity, current, resistance, electromotive force, or capacity.
The first numerical determination of v had been made by W eber and K ohlrausch *{% who had employed the method last indicated: they derived the value of v from a common measure of capacity. The capacity of a condenser was measured electro statically by comparison with the capacity of a sphere of known radius, and electromagnetically by passing the discharge from the condenser through a galvanometer. The value of v derived from their experiments was 310*74 x lO 8 centimetres per second.
The New Absolute Electrometer is identical in principle with the Absolute Electrometer described in the Report of the British Association, 1867. The principal improvements in the new instrument are the introduction of a new sighting arrangement, by which errors from parallax are avoided, the substitution of a metal disk supported by springs for the disk balanced by a counterpoise, and the addition of an idiostatic gauge and a replenisher, by means of which the charged disk can be maintained at a constant potential. By this instrument the force of attraction between two disks of known area at a constant difference of potentials is measured in grammes weight. The difference of potentials between the two poles of a battery can thus be measured, and the area, force, and distance being known, can be expressed in absolute electrostatic units of space, time, and mass. In these measurements the units employed were:-for unit of mass the gramme, for unit of time the second, and for unit of space the centimetre.
The strength of the current was measured by the force acting between two portions of itself in the circuit of an electrodynamometer (see Plate X X X II. figs. 1 & 2). This circuit consisted of three coils, two large fixed coils b), and a third smaller coil (c) movable round a vertical axis. The larger coils contained each upwards of 3700 metres of fine silk-covered wire wound upon brass rings, 30 centims. in diameter, with parallel flanges about 2^ centims. broad.
The two coils contained on an average 3700 turns of wire each, the depth of the coils being somewhat less than 2 centims. and the breadth of the rings being 2 centims. One end of the wire in each, before winding, was soldered to the ring, the ring thus forming one of the terminals of the coil. The two coils were placed on an oblong wooden pedestal ( h) (supported on three screws) with their planes vertical and parallel to one another, the line joining their centres being perpendicular to the plane of each coil., The rings were fitted to wooden concave supports {g,g'), to which they were secured by two bars of wood (jf, f ) resting across the rings on the inside, and firmly attached by means of screws to the wooden stand. The parallelism of the coils was preserved, as far as possible, by means of stout hard-wood bars of equal length (i) inserted at intervals between the rings perpendicular to the planes of the coils. To secure the most uniform magnetic field in the neighbourhood of the coils, the H elmholtz arrangement of the coils was chosen, the distance from centre to centre of the coils being approximately equal to their radius.
The movable or suspended coil (c) consisted of upwards of 900 metres of finer wire. The brass ring upon which it was wound was 6 1-centims. in diameter, and had flanges 2^ centims. broad. It contained upwards of 3000 turns of wire, the depth of the coil being 2 centims. and its thickness 1^ centim.
This movable coil, which was suspended between the two fixed coils, was protected from disturbing currents of air by a wooden box (Jc) which stood between the two fixed coils, being fastened to the stand on which they rested. On one side perpendicular to the planes of the coils this box was left open; and after the coil had been suspended, a glass screen was introduced. Subsequently, to prevent any error from distortion of the 3 i 2 rays of light passing through the glass, and to avoid any unnecessary diminution of their brightness, the glass was removed and sheets of cardboard, with apertures through which the rays might pass, were substituted. Two or three such screens (Z), their apertures varying in size with the distance of each screen from the coil, formed a sufficient pro tection to the coil from currents of air. The box was large enough to admit of the free motion of the coil through a considerable angle; and for temporary adjustments the coil was accessible from behind, an aperture being left which was closed while obser vations were being made, but which could be opened when necessary. The coil was not suspended from the roof of the box, which did not stand so high as the outside coils; but a higher point of suspension was found by erecting a brass vertical tube ( d) , about 2 centims. in diameter and 35 centims. in length, over an aperture in th roof of the box. The suspending-wire was attached to the cover (e) which closed this tube. This cover or lid, which fitted into the mouth of the tube, being movable, the position of the coil in azimuth was easily adjustable. The suspending-wire, which acted also as a conducting-wire, was soldered to a cross piece fixed to the flanges of the ring at right angles to them : this wire, being thus in metallic connexion with the ring to which one end of the insulated wire was soldered as in the fixed coils, served as one of the terminals of the suspended coil. The other end of the insulated wire was soldered to a brass terminal set in a cross piece of vulcanite at the bottom of the coil: to this terminal a long very fine platinum wire was attached, its other end being soldered to a stout wire fastened to the bottom of the box, and leading out to the other con nexions.
The movable coil was suspended symmetrically with respect to the fixed coils. Its centre was accurately marked on a piece of wood temporarily inserted inside the ring. The coil was then raised by means of the suspending-wire until this centre coincided with a fine wire temporarily fixed in the line joining the centres of the fixed coils.
Again, by altering the position of the vertical tube relatively to the box to which it was fastened, the fixed coils being kept vertical, the vertical axis of the coil was adjusted to be equidistant from the planes of the fixed coils. The three coils just described were joined in series, the connexions being so arranged that a current passing through the three coils should pass in the same direction through the two fixed coils so that they should conspire in their action on the movable coil.
The strength of the current was measured by the deflection of the suspended coil. In order that this determination, by means of the deflection, might he absolute, it was necessary to eliminate the effect due to the horizontal component of the earth's mag netism. This was done by observing the deflections when a given current passed first in the one direction and then in the other, the relations between the coils themselves remaining fixed. The mean deflection was that due to the simple action of the coils. To render the discrepance between the two deflections as small as possible, magnets were fixed in the neighbourhood of the coils to neutralize the action of terrestrial mag-netism, and the deflections due to equal and opposite currents were as nearly as possible equalized.
If it had been possible to adjust the magnets so as exactly to counterbalance the directive component of the earth's magnetism, these deflections would have been exactly equal; but a slight discrepance between the deflections remained after the adjustment of the magnets. This remaining discrepance was eliminated in the calculation by taking the mean between the two deflections.
These deflections, which were measured according to the usual method by reflection, were read off on a scale (Plate X X X II. fig. 3 , f ) (divided to fortieths of an inch) placed at a distance of 3 or 4 metres from the coil. The light (from a gas-lamp constructed like a paraffin-lamp with glass shade &c. supported on a wooden frame attached to the table on which the electrodynamometer stood) was reflected from a light circular mirror (m) cemented to the lower part of the front of the movable coil. The lamp (a) was placed about midway between the electrodynamometer and the scale, the reflected rays passing under it from the mirror away to the scale. The rays reached the mirror after passing through a condensing-lens ( c) attached to a long telescope-tube (£), the position of relatively to the lamp and mirror, was adjusted by moving the tripod stand ( ) to which its supports were attached. The lamp carried a metal screen with slit and fine wire stretched across the slit; and the deflections were noted, as in reflecting galvanometers and electro meters, from the positions of the shadow of this wire in the reflected image.
To render these deflections available for absolute measurement, it was necessary to know in mechanical units the force required to maintain the coil deflected through any given angle. This force is given by the equation of oscillations in terms of the period of vibration and the moment of inertia of the coil round its vertical axis. The period of vibration of the coil was determined from a series of 110 periods. The times of the first 10 and the last 10 having been noted, and the differences of the times of the 1st and the 101st, the 2nd and the 102nd, &c. having been taken, the average period of vibration for the whole series was very accurately determined. As the deflections to be observed in the actual measurements were made in a magnetic field with the coil deflected from its zero-position, these observations of the period were repeated with the coil deflected under the influence of the current about to be used in the comparison. A result differing by nearly ^ per cent, was sometimes obtained. This determination of the period of vibration of the coil was generally repeated before any lengthened series of observations.
The moment of inertia of the coil round its vertical axis was obtained from a com parison of its vibrations with those of a symmetrical body of the same weight vibrating under the same conditions. The coil having been carefully weighed, a vibrator of the same weight was constructed. The vibrator consisted of a cylindrical brass ring (radius 5 centims.) and a light brass bar attached at its extremities to the ring. This was made to vibrate, in an enclosed space protected from currents of air, round an axis perpen dicular to the plane of the ring, the suspending-wire being attached to the centre of the cross bar. The image of a light reflected from a galvanometer-mirror fixed to the vibrator at its axis allowed these vibrations to be easily counted. The period of vibration was determined from a series of oscillations extending through 110 periods. The vibrator having been removed from the suspending-wire, the coil was substituted in its place (care having been taken that the wire was not subjected to any stretching in the interval); and a similar series of observations was made to determine the period of vibration of the coil. The moments of inertia of any two bodies of equal weight around any axis being pro portional to the squares of their periods of vibration round these axes, the ratio between the moment of inertia of the suspended coil and the moment of inertia of the ringvibrator was given by this comparison.
The dimensions of the vibrator were accurately known, and the summation was made for all its parts. This, together with the ratio just obtained, gave the moment of inertia of the movable coil round a vertical axis through its centre in centimetre-grammes. This moment of inertia, combined with the period of vibration of the coil after it was sus pended in the electrodynamometer, gave the absolute measure of the couple required to hold the coil deflected through unit-angle or any fraction of unit-angle. The length of a scale-division and the distance of the scale from the mirror being known, the angular value of a deflection through any number of scale-divisions was known, and conse quently the deflecting couple corresponding to each reading on the electrodynamometer scale.
The electromagnetic measure of this couple was obtained in terms of the strength of the deflecting current from a consideration of the number of turns of wire in the coils and the area they enclosed, the distance of the movable coil from the fixed coils, and other quantities entering into the equation below. These two values, the mechanical and the electromagnetic (which for any given deflection must be equal to one another), having been equated, the strength of the current was obtained in mechanical or absolute elec tromagnetic units, the unit strength of current being defined, in a purely mechanical way, as " that current of which the unit of length placed along the circumference of a circle of unit radius produces a unit of magnetic force at the centre."
The methods of obtaining the corresponding absolute measurement of the resistance of the circuit and the electrostatic measure of the electromotive force have been already mentioned. These three measurements afford the data from which the ratio v is to be obtained.
Mathematical Mean value of v given by this comparison, leaving out the two first sets (which were taken under very unfavourable circumstances), is 284*6 XlO8 centims. per second.
II. The comparisons which were made during March 1870 in the Laboratory of the old College were preceded by some alterations in the electrodynamometer, and a fresh determination of several of the quantities connected with it. Resistances were measured by a new set of standard coils, and the old absolute electrometer was superseded, in the comparison, by the new absolute electrometer already referred to.
The movable coil was resuspended, and a light mirror, the opposite sides of which had been ground parallel, was substituted for the heavier mirror that had been formerly used. The following Tables exhibit results obtained from simultaneous measurements of current and electromotive force. It would have been desirable to have had more frequent measurements of the resistance of the coils; but as only two observers were generally available, and the comparison of the electrodynamometer and electrometer required the attention of two observers, this wus not generally practicable. There was always a liability in the coils to a Variation "in resistance, due to the variation in the temperature of the coils caused by the current; but as the current was not allowed to pass through the coils for a longer time than was just necessary for its measurement, these variations were not considerable;
The plan of the connexions is indicated in Plate X X X II. fig. 4 . , Two terminals were led from the battery (B) to a reversing key (K). The wires leading from the key were connected one to the end of the left-hand coil (A'), the other to the opposite end of the right-hand coil (A). From these points, where the battery joined the electrodynamo meter coils, electrodes were brought to another reversing key (C) which was connected with the absolute electrometer (E), one of its wires being connected with the insulated electrode of the electrometer which communicated with the insulated lower plate, the other being in contact with the outside coating of the jar of the electrometer. The difference of potentials thus measured was not the entire difference of potentials between the two poles of the battery, but the reduced difference maintained between the extre mities of the electrodynamometer circuit.
When two deflections, with the current passing in opposite directions, had been read off on the electrodynamometer scale, the mean between these two deflections was taken as representing what would have been the deflection supposing that the process of eli minating the horizontal component of the earth's magnetism had been perfectly success ful. These deflections are noted as R. and L. (right and left) with reference to the sides of the battery-key. Corresponding to each, two readings were obtained in the absolute electrometer by reversing the electrometer-key while the battery-circuit con tinued " made," half the difference of readings due to this reversal representing the dif ference of potentials between the two ends of the coils through which the current was passing.
It was found, however, in most o f the comparisons, that the current corresponding to a difference of potentials sufficiently large to be measured on the electrometer with a small percentage o f error, produced a deflection in the electrodynamometer beyond the lim its o f the scale.
In order to reduce the strength of current without at the same time reducing the difference of potentials to be measured by the electrometer, a large resistance (R), gene rally equal to that of the circuit formed by the coils, was introduced between the coils and the battery, and the difference of potentials between one extremity of this interpolated resistance and the remote end of the coils was observed. From this the difference of potentials between the two ends of the coils was immediately deducible. The suspending-wire having been soldered to the brass cover to which it had been attached, the period of vibration of the coil was found to be 4*789 seconds; so that, for succeeding observations, y -*000021884. At this stage an attempt was made to use simultaneous measurements made by means of the old and new absolute electrometers; but this method was not carried out, chiefly on account of difficulties in the use of the old absolute electrometer arising from imper fect insulation and other causes. The former method of comparison simply with the new absolute electrometer was resumed. The figures in the electrometer and electrodynamometer columns of the above Tables represent the readings in the arbitrary divisions of the two instruments. To deduce the value of ®,these readings were reduced to absolute measure by means of the expressions for V -V' and y already given. The resistance introduced into the circuit being equal to that of the coils, half the difference of potentials indicated by the electrometer was employed in the calculations.
III. The instruments having been removed to the new laboratory, were again set up in the spring of 1871, but no observations were made till September following.
When the electrometer was set up, a series of weighings was gone through to deter mine the displacement of the movable disk produced by a given force. . A long series of weighings of May 15th and 16th gave 200*19 micrometer-divisions as the displacement due to *6 gramme. Before the electrometer was again used in September a longer series of weighings was gone through : this gave as the mean value of the displacement 200*55 divisions, and this value was adopted in succeeding measurements.
The electrodynamometer was set up in the same manner as formerly; the only altera tion was in the manner of adjusting the lamp and lens, which were now supported and adjusted in the manner already described. A new determination was made of the moment of inertia of the suspended coil: this had become necessary from an alteration in the weight of the coil arising from the loss of a part of the mirror.
The moment of inertia of the vibrator with which the coil was compared was 4293*772 centimetre-grammes. The periods of vibration of the vibrator and coil were 25*939 and 15*5575 seconds respectively. This gave as the moment of inertia of the suspended coil 1544*6036 centimetre-grammes. After this comparison the mirror of the coil was resilvered, and was found to have increased in weight *101 gramme. With this increase of weight the moment of inertia of the coil became 1544*704 centimetre-grammes. The distance of the scale was made 354*6 centims. The period of vibration of the coil was 5*823 seconds. With these alterations the value of y became *000020114. A considerable degree of uncertainty attaches to the foregoing results on account of their variations amongst themselves, and also because an independent determination of the resistance of the coils was not made. The variations are due chiefly to variations in the electrometer readings, to which there was the greater liability on account of the smallness of the difference of potentials measured. A battery of 90 cells was employed, no additional resistance having been introduced into the circuit.
In the series which follow a continuous measurement of resistance was made. The same battery was used, but the differences of readings in the electrometer show less variation among themselves. The period of vibration of the coil was 6*811 seconds, and the corresponding value of y *00002015, Determination o f the Area o f the Movable Coil. Before unwinding the coils for the purpose of measuring the length of the wire, and counting the number of turns in each coil, a comparison of the large coils and the sus pended coil was made to determine the magnetic moment of the latter. This quantity, which appears in the calculations as inc2, could not be obtained very accurately by mea surement of the outer and inner radii of the coil, seeing that the difference between these radii was very considerable in comparison with either. The method of comparison followed was suggested by Professor Clerk M axwell. The simultaneous action of the large coils and the smaller coil upon a magnet placed in their neighbourhood was observed. The distances between the coils and the magnet being so arranged that the simultaneous action of the opposing coils upon the magnet was zero, and these distances being known, the ratio between the areas of the coils was easily obtained. The chief difficulty being to measure accurately these distances, two symmetrical observations were made with the smaller coil on opposite sides of the magnet. The distance between the positions of the same part of the coil in these two observations was measured, and half this distance taken as the distance of the centre of the coil from the magnet in each position.
The coils (see Plate X X X II. fig. 5 ) rested upon a narrow table ( ) which had been pre pared for this comparison. A V-groove ( v) ran from end to end of i near one side, to guide the adjustment of the magnet and smaller coil. The stands (s, s') to which the large coils had been attached were placed at opposite ends of the table, and were so adjusted that the line joining the centres of the coils passed through the centre of the magnet.
The magnet (m), which had been used as a declinometer, was suspended by a long fibre in an enclosed space. It carried a light galvanometer-mirror, whose motions were visible through a small lens, which formed part of the glass front of the instrument. The declinometer, two of its feet resting in the V-groove, was placed between the coils, so that the centre of the mirror or magnet was equidistant from the centres of the large Coils. The " suspended" coil, supported on a wooden stand (p), was placed between the magnet and one of the large coils, its motions to and from the magnet being guided parallel to itself by the groove in which two of the feet of the stand rested: it was adjusted so that its centre also should be in the line joining the centres of the large coils. The three coils were arranged so as to have their planes parallel, and so that the action of the two large coils should conspire to oppose the action of the smaller coil, which was placed much nearer the magnet. The motions of the magnet were observed in the usual manner, by reflection from the mirror. A current from a battery of 120 cells was made to pass through the three coils in series. The smaller coil was moved to and fro parallel to itself until no deflection of the magnet could be detected. During this observation it was found that the magnet was sensitive to the smallest motion of the coil that was appreciable. 
